which reduces the level of carbohydrate remobilisation by ensuring that 1 0 7 photosynthesis continues, and consequently reduces the intensity of carbon 1 0 8 remobilisation from the stems and leaves (Borrell and Douglas 1996) . Unlike stay-green, plant height not only affects carbohydrate supply/demand but also 1 1 0
can have direct physical effects on lodging. Tall sorghum plants produce a higher 1 1 1 stem biomass per grain than short crops (George-Jaeggli et al. 2011 ). This indicates 1 1 2 that tall sorghum plants have more stem reserves available for translocation to the 1 1 3 grains during post-anthesis water stress than short sorghum plants, which could 1 1 4 potentially lead to less lodging in tall plants than in short plants. On the other hand, stress than are lower yielding sorghums (Rosenow et al. 1983 ). Additionally the 1 1 8 higher centre of gravity and greater leverage force in tall sorghums means that tall, Fusarium spp., which may accelerate lodging. These fungi are necrotrophic in nature; 1 2 4 while they may invade healthy plants, they are typically unable to colonise healthy 1 2 5 tissue (Dodd 1980) . However, when the stem begins to senesce under water stress 1 2 6 during grain filling, they attack the dying roots and stalks (Srinivasa Reddy et al. associated with lodging in sorghum with no common QTL being identified across 1 4 1 these studies. Given the complex set of traits known to affect lodging, the lack of 1 4 2 QTL overlap is unsurprising and it is likely that the number of QTL affecting this trait 1 4 3 is large. The current study aims to dissect the genetic architecture of lodging and the Mean lodging in the 17 trials varied from 2.5% to 37.3%, with heritability varying from 3 0 2 33.3% to 89.4% with a mean of 66.0% (Table 3) . Genetic correlations of lodging 3 0 3 between trials varied from -0.24 to 0.79, with a mean of 0.29 for AYTM and 0.39 for 3 0 4 AYTF trials ( Supplemental Table S1 ). Visual ratings of leaf senescence were recorded in 9 of the 17 trials and varied in 3 0 6 both mean and severity of leaf senescence. Across the nine trials, the range of the 3 0 7 leaf senescence ratings varied from 1 to 9, with mean ratings varying from 4.2 to 7.8; 3 0 8 difference between the ratings of the most and least senescent genotypes within 3 0 9 individual trials varied from 4 to 7 (Table 3) . Heritability of the trait was generally high, 3 1 0 varying from 45.3% to 75.4% with a mean of 65.5%. Genetic correlations of leaf 3 1 1 senescence between trials ranged from 0.30 to 0.92, with a mean of 0.53 for AYTM 3 1 2 and 0.39 for AYTF trials ( Supplemental Table S1 ). between the tallest and shortest plants within individual trials varied from 56 to 112 3 1 6 cm ( Table 3) . Heritability of plant height was very high, varying from 84.9% to 94.2%, 3 1 7 with a mean of 88.7%. Genetic correlations of plant height between trials were also 3 1 8 very high, varying from 0.76 to 0.97, with a mean of 0.88 for AYTM and 0.86 for 3 1 9 AYTF trials (Supplemental Table S1 ). Twelve of the 17 trials were harvested and they varied in both the range and mean of 3 2 1 grain yield. Across the 12 trials, the range of grain yield varied from 0 to 11.33 t ha -1 , 3 2 2 with mean yield varying from 2.59 to 7.25 t ha -1 (Table 3) . Heritability of grain yield 3 2 3 varied from 34.9% to 77.1%, with a mean of 56.5%. Genetic correlations of yield 3 2 4 between trials varied from -0.07 to 0.71, with a mean of 0.20 for AYTM and 0.11 for 3 2 5 AYTF trials ( Supplemental Table S1 ). Weak to moderate correlations between overall BLUPs for lodging and leaf senescence, and between overall BLUPs for lodging and plant height, were 3 2 8 observed, ranging from 0.22 to 0.58, ranged from 0.25 to 0.42 ( Fig. 1 ). In individual 1 3 height were also weakly to moderately positive for all five tester populations 3 3 1 (Supplemental Fig. S2 ).
2
Between-trait correlations of hybrids varied between the testers (Table 2; testers but could not be made between male and female testers because even 3 3 5 though they were grown at the same locations, the male and female tester hybrids were grown in different trials and there were differences in the genetic variance of 3 3 7 the traits in the different parental pools. However, the same general trends were QTL was detected in multiple tester/trial combinations, with 75% of the QTL 3 4 8 identified in at least five tester/trial combinations ( Supplemental Table S2 ).
4 9
The number of QTL identified per tester population differed largely, with the least 3 5 0 number of QTL (i.e. 59 and 64 respectively) detected for the R986087-2-4-1 and 3 5 1 R993396 hybrids of the AYTF trials and the most number of QTL identified for the 3 5 2 B963676 hybrids in the AYTM trials (176 QTL). The majority of the lodging QTL were 3 5 3 in common across tester populations, with 61% (i.e. 129) displaying significant 3 5 4 effects in at least two tester populations ( Supplemental Table S2 ). Of the lodging 3 5 5 QTL which were identified in only one population, the majority (i.e. 60/84) were 3 5 6 identified in the B963676 hybrid trials. The QTL that affected lodging showed consistent directions of effect for both plant 3 5 9
height and leaf senescence. In both the male and female populations, the QTL corresponded with the tall haplotype. The direction and significance of these 3 6 7 haplotype differences are shown in Supplemental Table S2 . Only 16 lodging QTL were not significantly associated with either plant height or leaf 3 6 9 senescence in at least one tester. In addition, 6 lodging QTL were associated with 3 7 0 leaf senescence or plant height but showed the opposite haplotype effects (i.e. high 3 7 1 lodging haplotypes had lower leaf senescence or were shorter). These 22 QTL were 3 7 2 defined as non-pleiotropic effect QTL (npQTL) ( Fig. 2 ; Supplemental Table S2 ). Six of the seven previously identified QTL contributing to lodging resistance (Kebede with lodging QTL identified in this study (Fig. 2) . These six QTL were identified in with leaf senescence and/or plant height (Fig. 2) . Given that Fusarium spp. and with lodging in this study (Fig. 2) , representing a significant enrichment (χ 2 test, p 5 1 0 value = 0.008). Lodging resistant sorghum generally have more lignification, both in Previous studies have reported that sorghum lines with both increased (e.g. Therefore, the role of lignin in lodging resistance may act in two ways, either by infection of stalk rotting pathogens.
2 8
The recently cloned Dry gene controls the stem juice content and the composition 5 2 9
and structure of the stem pith, and influences the water content of the stem (Zhang with leaf senescence (QLDGX6.9). Using markers within the Dry gene, four 5 3 2 haplotypes were identified and they differed in lodging severity (data not presented).
3 3
For the above reasons, we believe that the Dry gene is likely to affect stem strength 5 3 4
and thus lodging, which may or may not be associated with stalk rots as reported by to F. spp. and M. phaseolina had been identified (Funnell-Harris et al. 2016) .
3 7
These two co-localisations with lodging QTL suggest stem composition plays an 5 3 8 important role in lodging, and could be a useful target for selection. The identification of 213 QTL in this study demonstrates that lodging is a highly 5 4 1 quantitative trait with multiple QTL each of small effect.
4 2
Lodging is affected by many traits with confounding effects. However, one primary 5 4 3 cause of lodging is the imbalance between the supply and demand of carbohydrate showed that there is a strong association between grain yield potential and lodging 5 4 7 susceptibility ( Supplemental Table S3 ). This suggests that sorghum breeders must 5 4 8 be cautious when selecting directly for lodging resistance as it is likely to significantly 5 4 9 constrain genetic gain for yield. The results support the current practice of direct 5 5 0 selection for increased yield and indirect selection for lodging resistance by selecting 5 5 1 for delayed leaf senescence (stay-green). In addition to its role in reducing lodging, 5 5 2 the integrating stay-green phenotype has been shown to be associated with parents of the hybrids grown in the 17 yield testing trials. for lodging (Kebede et al., 2001; Murray et al., 2008; Srinivasa Reddy et al., 2008) ; and those that did not co-locate with lodging QTL are highlighted in blue (Bout and grain yield (t ha -1 ), and the between trait correlations of the female and male testers across multiple trials. 
